Objective: To compare the ocular hypotensive effect of the commercially available preparations of bimatoprost or travoprost added to latanoprost in monkey eyes with laser-induced unilateral glaucoma.
T HE PROSTAGLANDIN ANAlogues 0.005% latanoprost, 0.03% bimatoprost, and 0.004% travoprost are all potent ocular hypotensive agents. Recent studies have compared the reduction in intraocular pressure (IOP) achieved by the commercial preparations of these 3 compounds when used as monotherapy in patients with ocular hypertension or glaucoma, [1] [2] [3] [4] [5] but no published studies to date have examined their potential additive effects on IOP when used in combination. Because treatment with multiple medications is common among patients with glaucoma, knowing whether these drugs have an additive effect on IOP has practical implications for clinicians. Studying these drugs in combination may also help elucidate their respective mechanisms of action and receptor profiles, a subject of interest in the literature at present.
This study was designed to determine whether an additional lowering of IOP could be achieved by using bimatoprost or travoprost together with latanoprost in monkeys with unilateral laserinduced glaucoma.
METHODS
A total of 9 adult female cynomolgus monkeys, each weighing 3 to 5 kg and in which glaucoma had been unilaterally induced by re- peated argon or diode laser photocoagulation of the midtrabecular meshwork, were used in these studies. Eight monkeys were used in the additivity studies of bimatoprost and latanoprost. After a washout of at least 2 weeks, 8 monkeys were used for the additivity studies of travoprost and latanoprost. A subset group of 4 monkeys was used for the control study using latanoprost alone.
LABORATORY SCIENCES
In all of the treatment groups, the IOP was measured hourly for 6 hours, beginning at 9:30 AM on day 1 (untreated baseline), on days 6 and 7 (single-agent therapy), and days 13 and 14 (2-drug combination therapy). A calibrated pneumatonometer (Model 30 Classic; Mentor, Norwell, Mass) was used for all measurements. Five minutes before each tonometry measurement, ketamine hydrochloride (1-5 mg/kg) was administered intramuscularly for sedation, and 1 drop of 0.5% proparacaine hydrochloride was topically applied to the study eye. On treatment days, the first IOP measurement was taken immediately before the 9:30 AM dosing.
The commercially available preparation of each drug was used in this study: 0.005% latanoprost (Xalatan; Pfizer, Inc, New York, NY), 0.03% bimatoprost (Lumigan; Allergan, Inc, Irvine, Calif), or 0.004% travoprost (Travatan; Alcon Laboratories, Inc, Ft Worth, Tex). One drop of the scheduled medication from the commercial bottles was applied topically to the glaucomatous eye only.
Five different treatment groups, each consisting of 4 monkeys, underwent testing using the following dosing schedule. On days 2 through 7, 1 drop of the scheduled single agent was applied to the glaucomatous eye only at 9:30 AM, immediately after the first IOP measurement. On days 8 through 14, the second scheduled drug was added to the same eye 5 minutes after the application of the first drug. The following 5 different dosing protocols were studied: latanoprost with bimatoprost added, bimatoprost with latanoprost added, latanoprost with travoprost added, travoprost with latanoprost added, and latanoprost with a second dose of latanoprost added.
Two-tailed paired and unpaired t tests and analysis of variance were used to analyze equivalency of baseline IOP in each group; the change in IOP from baseline with latanoprost, bimatoprost, or travoprost therapy alone; the additivity of bimatoprost with latanoprost, travoprost with latanoprost, and latanoprost with latanoprost; and the comparative additivity of bimatoprost and latanoprost, travoprost and latanoprost, and latanoprost and latanoprost. A value of PϽ.05 was considered statistically significant. Unless otherwise indicated, data are expressed as mean ± SEM. All experimental studies complied with the Association for Research in Vision and Ophthalmology Resolution on the Use of Animals in Research and were approved by the Mount Sinai School of Medicine, New York, NY, Institutional Animal Care and Utilization Committee.
RESULTS
The mean baseline IOPs of the 5 treatment groups were statistically (P =.95) similar ( Table 1 ). When applied as single agents, latanoprost, bimatoprost, and travoprost all produced significant (PϽ.05) reductions in IOP (Figure 1) . The mean maximum reduction (PϽ.05) from baseline IOP was 7.0±0.4 mm Hg (20% reduction) with travoprost alone, 6.5±1.6 mm Hg (18%) with bimatoprost alone, and 7.5 ± 1.0 mm Hg (22%) with latanoprost alone ( Table 2 ). The differences in reduction of IOP from baseline comparing the 3 drugs were not statistically significant (P=.98) (Figure 1 ). There was no statistically significant difference in the mean values of the IOP among the 5 treatment groups at days 6 plus 7 at trough (PϾ.90) or at peak (PϾ.60).
The significant (PϽ.05) mean maximum additional reductions in IOP were 3.0±0.6 mm Hg (10% reduction) when travoprost was added to latanoprost and 2.0±0.4 mm Hg (7%) when latanoprost was added to travoprost (Figure 2 ). There was no statistically significant difference (PϾ.90) in reduction of IOP when comparing travoprost added to latanoprost or latanoprost added to travoprost (Table 2 and Figure 2 ). The significant (PϽ.05) maximum additional reductions in IOP were 4.8±1.3 mm Hg (15% reduction) when bimatoprost was added to latanoprost and 4.3±0.6 mm Hg (14%) when latanoprost was added to bimatoprost ( Figure 3 ). There was no statistically significant difference (PϾ.90) in the reduction of IOP when comparing bimatoprost added to latanoprost or latanoprost added to bimatoprost (Table  2 and Figure 3 ). The maximum additive reduction in IOP, 0.3±0.5 mm Hg, was not significant (PϾ.60) when a second drop of latanoprost was added to latanoprost (Table  2 and Figure 4 ). The additional reduction in IOP when the second drug was added in the bimatoprost and latanoprost combination was greater (PϽ.05) than that in the latanoprost and travoprost combination, no matter which drug was given first for each drug combination (Table 2) .
COMMENT
The results of this study demonstrate that latanoprost, bimatoprost, and travoprost produce significant and equivalent reductions in IOP when used as single agents at the indicated clinical dosage in glaucomatous monkey eyes. This finding appears consistent with those of some clinical studies in humans that have compared the effectiveness of these 3 drugs. 1-4 A 3-way comparative study by Parrish and colleagues 1 shows that latanoprost, bimatoprost, and travoprost are equivalent in lowering IOP in patients with glaucoma or ocular hypertension. Three other recent studies [2] [3] [4] comparing bimatoprost or travoprost to latanoprost also demonstrate comparable efficacy when differences in baseline IOP are taken into account. 6 In contrast, one study has found bimatoprost to be more effective than latanoprost in lowering IOP. 5 However, as has been discussed elsewhere, 1 the reduction in IOP from baseline with latanoprost is lower than expected, and the number of patients who were nonresponders to latanoprost is higher than expected in this one study compared with data from most other published studies. These differences may, in part, explain the significantly lower IOP achieved by bimatoprost relative to latanoprost in this single study.
Our results also show that, regardless of which drug is used during the first week of the protocol, significant additional lowering of IOP occurs when bimatoprost or travoprost is used with latanoprost in the second week of therapy, strongly suggesting true additivity. The fact that no additional reduction of IOP takes place when we double the latanoprost dose in the second week of treatment implies that the single application of the drug is at or close to a maximum effective dose. To date, no published studies have examined whether combinations of these 3 drugs are additive in humans, although additivity studies with latanoprost and other prostaglandin derivatives have been performed. In 2 studies of unoprostone isopropyl ester and latanoprost in patients with glaucoma or ocular hypertension, no additional reduction of IOP was observed when unoprostone was added to latanoprost, although lowering was observed when latanoprost was added to unoprostone. 7, 8 Thus, latanoprost has greater efficacy to lower IOP than unoprostone, but the effects of the 2 drugs are not additive. In contrast, the IOP effects of latanoprost and 8-iso prostaglandin-E 2 , an isoprostane, appear to be additive in glaucomatous monkey eyes, a finding possibly due in part to pharmacologically different mechanisms of action in lowering IOP related to the unique structure of 8-iso prostaglandin-E 2 . 9 Our finding that the ocular hypotensive effect of bimatoprost or travoprost, administered as a commercial preparation, is additive to that of latanoprost is somewhat unanticipated given that in most studies these 3 compounds have been shown to be agonists at the same prostaglandin-FP receptor. [10] [11] [12] [13] [14] [15] One study claims a different receptor profile and metabolism for bimatoprost. 16 In addition, most studies report that all 3 drugs lower IOP primarily by the same mechanism of increased uveoscleral outflow. [17] [18] [19] [20] [21] Despite these similarities, differences must exist in their mechanisms of action to account for the additivity that we have shown. Because we have demonstrated equivalent ocular hypotensive efficacy with monotherapy with all 3 commercial compounds, differences in drug distribution within the glaucomatous monkey eye, differences in prodrug metabolism, or a greater receptor affinity or intrinsic activity of bimatoprost or travoprost relative to latanoprost are unlikely to explain our additivity results. However, the drugs added to latanoprost in combination therapy may have an additional and distinct mechanism of action.
Thus, a possible explanation for the additivity of bimatoprost or travoprost to latanoprost is relative differences in their effects on trabecular and uveoscleral outflow. In studies performed in normotensive and ocular hypertensive human eyes, latanoprost was shown to lower IOP by increasing uveoscleral outflow without substantially altering aqueous flow or trabecular outflow facility. 17 However, in another study, latanoprost substantially increased tonographically measured outflow facility in humans, in addition to its effect on uveoscleral outflow. 18 The effects of travoprost on outflow facility have not been reported in humans, but in a study in normotensive and glaucomatous monkey eyes, travoprost significantly increased uveoscleral outflow in the normotensive eyes. 19 An increase in uveoscleral outflow in the ocular hypertensive eyes was also measured but did not reach statistical significance. No significant alterations were found in aqueous flow or trabecular outflow facility in the normal or the glaucomatous eyes for travoprost. Similarly, in a study of aqueous humor dynamics in normal human eyes treated with bimatoprost, Brubaker and colleagues 20 found a substantial increase in uveoscleral outflow, consistent with the effects on aqueous dynamics of latanoprost and travoprost. However, a statistically significant increase in tonographic facility of outflow compared with baseline was also measured. Although that study was performed in normotensive eyes only, an increase in both trabecular and uveoscleral outflow by bimatoprost may be consistent with our findings of additivity of bimatoprost and latanoprost, if latanoprost has no effect on traditional trabecular function. However, the increase in both tonographic outflow facility and uveoscleral outflow in another study of normotensive and ocular hypertensive human eyes treated with la- tanoprost belies this hypothesis. 18 In addition, tonography appears to measure more than just trabecular resistance. These conflicting findings on latanoprost and aqueous dynamics by various investigators need to be explained. Nevertheless, it is conceivable that relative differences among latanoprost, bimatoprost, and travoprost in their effects on trabecular and uveoscleral outflow may contribute to their combined ocular hypotensive effect when used together.
Although latanoprost, bimatoprost, and travoprost lower IOP primarily by increasing uveoscleral outflow, the precise mechanisms by which this occurs are not yet known. Various theories to explain the observed increase in uveoscleral outflow have been investigated and include ciliary muscle relaxation, vasodilation of the ciliary body, and alterations in the extracellular matrix of the ciliary muscle by several different mechanisms. 22 Thus, prostaglandins may lower IOP primarily through an increase in uveoscleral outflow, but it is possible that they accomplish this through different pathways. It is therefore conceivable that the prostaglandins we studied increase uveoscleral outflow via parallel but distinct mechanisms and thereby demonstrate additivity when used together.
For these drugs to act by different or parallel mechanisms, there may be differences in their receptor profiles. The respective free acids of all 3 parent compounds have been shown to have potent agonist activity at the FP receptor, which has been identified in human cell cultures of trabecular meshwork, ciliary epithelium, and ciliary muscle. [10] [11] [12] [13] [14] [15] Bimatoprost itself is an FP receptor agonist. 15 It is possible that differences in FP receptor subtypes may exist that would account for distinct actions among these 3 prostaglandin analogues. 22 It is also possible that bimatoprost binds to an unidentified receptor, 16 in addition to its known activity as an FP receptor agonist. A unique receptor profile for bimatoprost would be consistent with our finding that the combination of bimatoprost and latanoprost results in a greater lowering of IOP than that of travoprost and latanoprost.
It should be emphasized that our findings of additivity were demonstrated in nonhuman primates. There may be species differences in the onset, duration, and extent of the reduction in IOP produced by these 3 prostaglandins. Although it is unclear what the maximum effective doses of latanoprost, bimatoprost, or travoprost are in nonhuman primates, the lack of any additional reduction in IOP when we doubled the dose of latanoprost implies that the single application of the commercially available preparation of the drug is at or close to the maximum effective dose in glaucomatous monkeys. The differences in the second baseline IOP, the results in days 6 plus 7 after monotherapy, among the 5 groups could account for apparent differences in additivity. Ocular hypotensive drugs are well known to be more effective in eyes with higher baseline IOPs. The variability in our untreated baseline IOPs and in our treated baselines at days 6 plus 7 after monotherapy (Table 1 ) may be due in part to the small number of monkeys in each treatment group, as well as to the wide fluctuations that are known to occur in the laser-induced glaucomatous monkey eye. However, the untreated mean baseline IOPs in the 5 treatment groups are statistically similar, as are the mean IOPs after monotherapy.
The mechanisms responsible for the apparent pharmacologic additivity of bimatoprost or travoprost to latanoprost that we have shown in this study are not known. Further investigations into the methods by which these drugs lower IOP, their effects on aqueous humor dynamics, and differences in their receptor profiles may be helpful in elucidating our results.
CONCLUSIONS
Latanoprost, bimatoprost, and travoprost demonstrated equivalent effectiveness in lowering IOP when used as single agents in glaucomatous monkey eyes, consistent with the results of the only reported 3-way clinical trial in humans. 1 In monkeys, bimatoprost and travoprost showed an additional ocular hypotensive response when used with latanoprost, regardless of which drug was used first, suggesting pharmacologic additivity. These results suggest that bimatoprost, travoprost, and latanoprost may have relatively different receptor profiles and mechanisms of IOP reduction, which require further study. These results also suggest that combination therapy with these drugs may prove to be beneficial in some patients with glaucoma and that controlled additivity studies in patients with ocular hypertension or glaucoma may be worth pursuing for these clinically available prostaglandins.
